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ROSA genome wide analysis of the human fungal pathogen Cryptococcus neoformans var. grubii has revealed a
number of duplications of highly conserved genes involved in morphogenesis. Previously, we reported
that duplicate Cdc42 paralogs provide C. neoformans with niche-speciﬁc responses to environmental
stresses: Cdc42 is required for thermotolerance, while Cdc420 supports the formation of titan cells.
The related Rho-GTPase Rac1 has been shown in C. neoformans var. neoformans to play a major role in ﬁl-
amentation and to share Cdc42/Cdc420 binding partners. Here we report the characterization of a second
Rac paralog in C. neoformans, Rac2, and describe its overlapping function with the previously described
CnRac, Rac1. Further, we demonstrate that the Rac paralogs play a primary role in polarized growth
via the organization of reactive oxygen species and play only a minor role in the organization of actin.
Finally, we provide preliminary evidence that pharmacological inhibitors of Rac activity and actin stabil-
ity have synergistic activity.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-SA license.1. Introduction
Gene and genome duplications offer potential beneﬁts to micro-
organisms by facilitating adaptation to a variety of environments.
In addition to providing protection against deleterious mutations,
duplicated genes provide genetic plasticity through neofunctional-
ization, subfunctionalization, and gene conservation (Force et al.,
1999; Hahn, 2009; Ohno, 1970). In the case of Saccharomyces cere-
visiae, an ancient whole genome duplication may have allowed this
fungal lineage to acquire the process of anaerobic fermentation
(Wolfe and Shields, 1997). Experimental models of gene evolution
in Salmonella enterica demonstrate similar examples of gene ampli-
ﬁcation and divergence in the development of metabolic pathways
(Näsvall et al., 2012).
Beyond simple gene duplication events, genetic redundancy can
also be provided by related gene families. For example, the related
Rho-like GTPases Cdc42 and Rac serve distinct primary functions in
divergent fungal species such as Penicillium marneffei, Ustilago
maydis, and Aspergillus nidulans (Bassilana and Arkowitz, 2006;Boyce et al., 2001, 2003; Harris, 2011; Mahlert et al., 2006; Virag
et al., 2007). However, in each of these species, deletion of both
of these genes is synthetically lethal, demonstrating their potential
for functional overlap (Boyce et al., 2005; Mahlert et al., 2006;
Virag et al., 2007).
In Cryptococcus neoformans, several duplicated gene pairs con-
trol cellular processes required for pathogenesis and develop-
ment. These gene duplication events appear to have arisen in
the absence of a whole genome duplication event (Loftus et al.,
2005). However, these duplications span multiple pathways
and cellular processes (Ballou et al., 2010; Missal et al., 2005;
Pukkila-Worley et al., 2005; Salas et al., 1996; Wang et al.,
2002). For example, the cyclophillin-encoding genes CPA1 and
CPA2, major and minor paralogs respectively, play shared and
distinct roles in cell growth, mating, and virulence, in addition
to their conserved roles in the detoxiﬁcation of cyclosporine A
(Wang et al., 2001). Similarly, duplicated Ras proteins are in-
volved in mating, polarity, and thermotolerance (Alspaugh
et al., 2000; Waugh et al., 2002). RAS1 appears to provide the
majority of the inducible Ras activity required for survival within
the infected host. However, the simultaneous deletion of both
the RAS1 and the RAS2 genes results in a dramatic cell growth
defect under otherwise permissive incubation conditions.
In addition to functional redundancy, duplicated genes in C.
neoformans have undergone subfunctionalization. The highly con-
served Rho-GTPase encoded by CnCDC42 is required for growth
at 37 C and for virulence (Ballou et al., 2010). A paralogous gene,
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induction of a novel virulence factor, the formation of titan cells, a
morphology thought to have important consequences for the pas-
sage of C. neoformans into the brain (Okagaki et al., 2011).
A number of studies have suggested a model in which the dupli-
cated C. neoformans Cdc42 paralogs function downstream of the
duplicated Ras proteins to control various morphological events re-
quired for cell polarization, differentiation, and virulence (Nichols
et al., 2007; Wang et al., 2002). Prior studies also suggest that a
Rac protein functions in this signaling pathway (Nichols et al.,
2007; Vallim et al., 2005). Both C. neoformans CDC42 and RAC1
over-expression suppress the ras1Dmutant defect in high temper-
ature growth, and rac1D mutants are defective in hyphal develop-
ment, a process also regulated by the Ras paralogs (Nichols et al.,
2007; Vallim et al., 2005; Waugh et al., 2002).
The maintenance of Rac in the genomes of C. neoformans and
other fungi provides a potential for redundancy not observed in
the simple yeasts S. cerevisiae and Schizosaccharomyces pombe,
which lack Rac homologs. However, previous efforts to explore
the overlap between Rac and Cdc42 paralog function in C. neofor-
mans raised a number of unanswered questions. For example, syn-
thetic lethality between Cdc42 and the related Rho-type GTPase
Rac in P. marneffei, U. maydis, and A. nidulans, and the lethality of
cdc42D mutants in S. cerevisiae and S. pombe, has demonstrated
the essential requirement for one or the other of these central reg-
ulators of morphogenesis (Adams et al., 1990; Boyce et al., 2005;
Mahlert et al., 2006; Miller and Johnson, 1994; Virag et al.,
2007). However, the lack of morphological defects observed in a
C. neoformans rac1D cdc42D double mutant suggested that redun-
dancy between these proteins was more complex in C. neoformans
(Shen et al., 2011).
In order to explore the roles of gene duplications and related
gene families in this morphogenesis signaling pathway, we per-
formed a whole genome analysis of paralogous gene pairs. In addi-
tion to the duplicated RAS1 and CDC42 alleles, we identiﬁed a
second cryptic paralog of RAC1, termed RAC2, in the genome of
C. neoformans. Functional analysis of the two Rac paralogs in
C. neoformans reveals conserved roles in hyphal development and
ROS localization. Additionally, these Rac proteins appear to play
signiﬁcant roles in polarization during yeast phase growth.2. Methods
2.1. Strains, media, and growth conditions
C. neoformans strains used in this study are listed in Table 2.
Strains were incubated on YPD medium (Sherman, 1991), or MS
mating medium (Murashige and Skoog, 1962). ERB033 was gener-
ated by mating between ERB032 and KN99a. ERB107 was gener-
ated by mating between ERB056 and KN99a. ERB025 was
generated by mating between ERB011 and ERB033. ERB124 and
ERB067 were generated via transformation of LCC1 or CNB45 with
the plasmids pJN03 or pERB04, respectively. All other strains were
generated via biolistic transformation according to the protocol
developed by Toffaletti et al. (1993). Strains were conﬁrmed by
PCR and Southern analysis. Mating assays were performed by co-
culturing strains of opposite mating type on MS mating medium
in the dark at 25 C for 4 days. For morphogenesis experiments,
cells were inoculated into liquid YPD (2% glucose) and grown to
mid-log phase at 30 C, shaking at 150 RPM. Cultures were split
and refreshed with media pre-warmed to 30 or 37 C, then incu-
bated at the indicated temperature at 150 RPM for 4 h or over
night, as indicated. Mating assays were performed by co-culturing
strains of opposite mating type on MS mating medium in the dark
at 25 C.2.2. Disruption of RAC paralogs and generation of over-expression and
GFP constructs
To generate the rac1D strain, the following primers with regions
homologous to ﬂanks surrounding the hygromycin resistance mar-
ker in pHyg-KB2 were used: AA1354:CGCCAACACTTGCTGCCG
CTC; AA1814:GTCATAGCTGTTTCCTGTCTGGGCTGTTGCGCTATGCC;
AA1815:GGCATAGCGCAACAGCCCAGACAGGAAACAGCTATGAC; AA
1816:CCTCATTTGGCATTGCTCAGCGTAAAACGACGGCCAG; AA1817:
CTGGCCGTCGTTTTACGCTGAGCAATGCCAAATGAGG; AA1359:GCA
GGCGAAGAGCGGATGG. To generate the rac2D strains, the following
primerswith regionshomologous to them13ﬂanks surrounding the
neomycin and nourseothricin resistance markers were used: AA
3122:GTTGGGCCACCATCATTACT; AA3194:TACCATCATCCTCTCCTC
CGTTGCTCTCGTTGAGGATTGA; AA319:TCAATCCTCAACGAGAGCAA
CGGAGGAGAGGATGATGGTA; AA3196:AGCTGTACCCTTGTCCGCTA
CGACAGCATCGCCAGTCACTA; AA3197:TAGTGACTGGCGATGCTGTC
GTAGCGGACAAGGGTACAGCT; AA3127:CTCCTTCCACCCACCACTTA.
To generate over-expression constructs, the open reading frames
of C. neoformans Serotype A RAC1 and RAC2 were ampliﬁed by PCR
using primers that incorporated the appropriate restriction sites in
frame at the 50 and 30 ends. These primers were: For RAC1:
AA1959:GCCGGTACCCGCCAACACTTGCTGCCGCTC;AA1960:GGCGA
GCTCCTGGGCTGTTGCGCTATGCCG; For RAC2: AA1928:GGGCCCA
GATCTATGGCCATGCAGAGTATC; AA3090:CCCGGGAGATCTGATCCG
TGCTTGGTTTTTGT. Over-expression constructs were then gener-
ated by TA cloning and/or BamHI ligation into the plasmid pCN19,
containing the HIS3 promoter sequence, the actin terminator se-
quence, and the nourseothricin selection marker, to generate the
plasmids pJN03 and pERB04, respectively (Price et al., 2008).
2.3. Alignments
The identiﬁcation of paralogs within the C. neoformans var. grubii
genomewas performed using BlastP (Altschul et al., 1990). The net-
work was constructed using the freely accessible Cytoscape
software package (Cline et al., 2007). CNAG numbers correspond
to the Broad Institute H99 genome database (www.
broadinstitute.org/annotation/genome/cryptococcus_neoformans).
A high-resolution network image, as well as the entire network ﬁle
and corresponding gene identities are included in Supplemental
Fig. 1. Sequence alignments were performed using the ClustalW
algorithm available from the EMBL-EBI consortium (Larkin et al.,
2007). The Rac phylogeny was constructed using the following
DNA sequences, which were hand curated and aligned using the
Muscle algorithm (Edgar, 2004) (C. n. grubii RAC1: BK008522,
RAC2: BK008523; C. n. neoformans RAC1: AY780547, RAC2:
XP_568391.1; Cryptococcus gattii RAC1: XP_003193004.1; RAC2:
XP_003197177.1; Tremella mesenterica RAC1: EIW72625.1,
RAC2: EIW65787.1; Coprinopsis cinerea XP_001828804.2;
Schizophyllum commune XP_003037339.1; U. maydis RAC1,
AF495535; Epichloe festucae RACA: AB360318; Colletotrichum trifolii
RAC1: AY325889; P. marneffei CLFB AF515698; A. nidulans RACA:
AN4743.2; Yarrowia lipolytica RAC1: AF176831) (Boyce et al.,
2003; Chen and Dickman, 2004; Hurtado et al., 2000; Tanaka
et al., 2008; Vallim et al., 2005; Virag et al., 2007; Weinzierl et al.,
2002). A neighbor-joining tree was generated using MEGA5 (Tam-
ura et al., 2011). Bootstrap values represent 10,000 iterations.
2.4. RT-PCR
Expression levels for each of the over-expression constructs was
determined by RT-PCR. Mid-log phase cells incubated at 30 C in
YPD were collected by centrifugation and ﬂash frozen on dry ice.
Total RNA was extracted from lyophilized cells using the Qiagen
RNA extraction kit and the ‘Puriﬁcation of total RNA from plant
Table 1
Gene pairs identiﬁed by whole genome analysis. Pairs correspond to those presented in Fig. 1. Annotation was obtained from the H99 genome database hosted by the Broad
Institute.
Pair CNAG Gene 1 CNAG Gene 2
1 07406 Alpha pheromone 07407 Fungal mating-type pheromone
2 07042 CHP 07894 CHO
3 06978 Cytoplasmic protein 05657 –
4 06854 PP 07916 PP
5 06832 Glucosidase 06835 Glucosidase
6 06805 PP 07828 PP
7 06802 CHP 07784 CHP
8 06801 CHP 07000 CHP
9 06748 U3 sno-RNP-associated protein Utp7 07466 WD repeat-containing protein 46
10 06536 Monocarboxylic acid transporter 06537 Monocarboxylic acid transporter
11 06338 ABC transporter PMR5 06348 ABC transporter PMR5
12 06134 CHP 00871 –
13 06101 Eukaryotic ADP/ATP carrier 06102 Eukaryotic ADP/ATP carrier
14 06026 Aspartate transaminase 06088 Aspartate transaminase
15 06010 Fatty aldehyde dehydrogenase 06018 Aldehyde dehydrogenase
16 05992 CHP 07831 PP
17 05990 PP 07832 PP
18 05938 CHP 07501 HP
19 05914 MFS maltose permease 05929 MFS maltose permease
20 05832 PP 05833 Allantoate transporter
21 05817 Nucleotide-sugar transporter 03426 –
22 05668 PP 07396 PP
23 05450 CHP 05454 CHP
24 05448 PP 05455 Euk translation initiation factor 1A
25 05426 PP 07574 PP
26 05348 CDC42 05968 CDC420
27 05339 CHP 07785 PP
28 05327 PP 05989 PP
29 05325 CHP 05991 Glycosyl hydrolase family 88
30 05263 PP 07425 CHP
31 05254 UDP-galactose transporter 07823 PP
32 04828 Histone 06745 Histone H3
33 04794 Spermine 06119 –
34 04783 Monosaccharide transporter 04784 Monosaccharide transporter
35 04652 Enoyl reductase 06759 Dehydrogenase
36 04594 Pro1 protein 04618 Pro1 protein
37 04541 Polyadenylation factor 64 kDa subunit 04557 PP
38 04540 ER receptor 04556 ER receptor
39 04374 CHP 04394 CHP
40 03948 Cytoplasmic protein 03936 –
41 03904 Endo-peptidase 06333 DNA replication factor
42 03732 Integral membrane protein 03764 Integral membrane protein
43 03713 Efﬂux protein EncT 03719 CHP
44 03621 Cyclophilin A 03627 Cyclophilin A
45 03604 No arches protein 00520 –
46 03464 LAC2 03465 LAC1
47 03407 PP 03548 PP
48 03277 Inositol oxidase 05316 Inositol oxidase
49 03252 CHP 05305 CHP
50 03230 CHP 03233 CHP
51 03174 Phosphopantetheinyl transferase 04341 –
52 03092 CHP 07390 CHP
53 03084 Endoribonuclease L-psp 06589 Endoribonuclease L-psp
54 03060 MDR protein 03061 MDR protein
55 02896 Hydroxymethylglutaryl-CoA synthase 03311 Hydroxymethylglutaryl-CoA synthase
56 02883 Rac1 05998 Rac2
57 02863 PP 06672 Formate dehydrogenase
58 02814 Glycerol-3-phosphate dehydrogenase 02815 Glycerol-3-phosphate dehydrogenase
59 02798 CHP 05906 CHP
60 02752 Short-chain dehydrogenase 04926 CHP
61 02733 Monosaccharide transporter 07641 Monosaccharide transporter
62 02556 Phytanoyl-CoA dioxygenase family protein 04564 Phytanoyl-CoA dioxygenase family protein
63 02539 Amino acid transporter 07902 Amino acid transporter
64 02489 Mannitol-1-phosphate dehydrogenase 07745 Mannitol-1-phosphate dehydrogenase
65 02479 Monosaccharide transporter 05340 Monosaccharide transporter
66 02476 CHP 05328 –
67 02463 CHP 07386 CHP
68 02048 Proline dehydrogenase 02049 Proline dehydrogenase
69 01969 Zn metalloprotease 04524 –
70 01953 CHP 02299 CHP
71 01952 Aryl-alcohol dehydrogenase 02717 Aryl-alcohol dehydrogenase
72 01925 CHP 07869 CHP
73 01757 CHP 05185 CHP
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Table 1 (continued)
Pair CNAG Gene 1 CNAG Gene 2
74 01727 HSC 70-4 01750 Chaperone
75 01648 Histone H4 07807 Histone H4
76 01635 DUF1479 domain-containing protein 04225 DUF1479 domain-containing protein
77 01446 HP 03143 CHP
78 01120 Dihydrolipoyllysine-residue acetyltransferase 03509 Pyruvate dehydrogenase protein component
79 00919 Carboxypeptidase D 01040 Carboxypeptidase D
80 00866 Transketolase 03040 Transketolase
81 00863 Flavin-containing monooxygenase 07389 Flavin-containing monooxygenase
82 00849 PP 07708 CHP
83 00598 Nicotinamide mononucleotide permease 01674 MFS transporter
84 00597 Amino acid transporter 07367 Amino acid transporter
85 00575 Catalase 3 04981 CAT1
86 00372 Nuclear protein localization 05757 CHP
87 00370 Ubiquitin-carboxy extension protein fusion 01920 Poly-ubiquitin
88 00260 Transformer-2-beta isoform 3 00399 Transformer-2-beta isoform 3
89 00128 CHP 06757 CHP
90 00047 Kinase 04108 Kinase
91 00039 CHP 02175 Exo2
92 00036 Sec14 cytosolic protein 03153 Sec14 cytosolic protein
92 00005 TPR domain-containing protein 02012 TPR domain-containing protein
92 07876 PP 07877 PP
92 07532 CHP 03329 –
CHP = ‘‘conserved hypothetical protein’’.
HP = ‘‘hypothetical protein’’.
PP = ‘‘predicted protein’’.
– = No annotation.
Table 2
Strains used in these studies.
Strain Genotype Source
H99 MATa Perfect et al. (1980)
KN99a MATa Nielsen et al. (2003)
LCC1 MATa ras1::ADE2 Alspaugh et al. (2000)
CBN45 MATa ras1::neo Nichols et al. (2009)
ERB011 MATa cdc42::nat cdc420::neo Ballou et al. (2010)
ERB025 MATa cdc42::nat cdc420::neo rac2::neo This study
ERB027 MATa rac2::nat This study
ERB032 MATa rac2::neo This study
ERB033 MATa rac2::neo This study
ERB035 MATa rac2::neo + pHRAC2-nat This study
ERB056 MATa rac1::hyg This study
ERB067 MATa ras1::neo + pHRAC2-nat This study
ERB107 MATa rac1::hyg This study
ERB109 MATa pHGRAC1-nat This study
ERB124 MATa ras1::ADE2 + pHRAC1-nat This study
ERB130 MATa pHGRAC1-neo This study
ERB135 MATa rac1::hyg + pHRAC1-nat This study
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pared using the Clonetech Advantage RT-for-PCR kit (2006). Primer
speciﬁcity was veriﬁed by qPCR in wild-type and deletion strains.
RT-PCR was performed as described, with annealing at 50 C
(Cramer et al., 2006). Primers sequences were as follows: RAC1
Forward: AA1853:CCGAACCAAATGGTATCCTG; Reverse: AA1854:
TTAGGGTTGAGGACTGTCCG. RAC2 Forward: AA1851:TGTCAA
AACTTGGATCCCCG; Reverse: AA3021:CAAGCCTTTTTGCGTCCGAC-
TAGAAG. GPD Forward: AA301:AGTATGACTCCAACAATGGTCG; Re-
verse: AA302:AGACAAA CATCGGAGCATCAGC.
Expression levels were calculated using the DDCt method, as
described (Schmittgen and Livak, 2008). In order for replicates to
be included in the ﬁnal analysis, duplicate wells were required to
have an SD < 1.0.
For the quantiﬁcation of MFa1 expression, equal numbers of
RAC2a and RAC2a or rac2a and rac2a cells were mixed and plated
onto MS mating medium. The mating reaction was incubated for
48 h in the dark at room temperature, and then cells were collected
for RNA extraction. MFa1 was measured by RT-PCR relative to aninternal standard (GPD1) in duplicate and in two independent
experiments.
2.5. Microscopy
Differential interference microscopy (DIC) and ﬂuorescent
images were captured with a Zeiss Axio Imager A1 ﬂuorescent
microscope equipped with an AxioCam MRM digital camera. Cells
were ﬁxed with 9% microﬁltered formaldehyde for 10 min, washed
three times with 1XPBS, permeabilized with 1% Triton-PBS for
10 min, and washed three times with 1XPBS. Cells were stained
with Rhodamine-conjugated Phalloidin or DAPI. For ﬁlaments, agar
plugs from the edge of mating reactions were extracted, ﬁxed as
appropriate, washed as described above, and then stained with
9 lM DCHF-DA (Enzo Life Sciences) (unﬁxed) or DAPI. Agar slices
were then embedded by slide squash on microscope slides and
the hyphae were imaged.
The localization of GFP-Rac1 and GFP-Rac2 was visualized using
a DeltaVision Elite deconvolution microscope equipped with a
Coolsnap HQ2 high resolution CCD camera. Strains expressing
GFP-Rac2 and GFP-Rac1 were cultured overnight at 30 C in YPD
and used to seed cultures of YPD pre-warmed to 30 C or 37 C.
Cultures were incubated for 4 h and were washed 1 time with
PBS prior to imaging. Samples grown at 37 C were maintained at
37 C during imaging.
2.6. Cell size counts
Because cell culture synchronization in C. neoformans requires
exposure to low oxygen conditions, which may impact stress re-
sponses differentially in the tested strains, we compared unsyn-
chronized paired mutant and wild type strains inoculated
simultaneously and at the same density. Strains were allowed to
grow overnight at 30 C to mid-log phase, diluted 1:10 in fresh
YPD, and collected after 4 h exposure to the indicated temperature.
Cell area for more than 300 cells was measured using ImageJ soft-
ware (Cramer et al., 2006; Schneider et al., 2012). Mann Whitney U
Test was applied using Mathematica software (Wolfram Research,
2010).
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To test for Latrunculin B sensitivity, the indicated strains were
examined in the presence of the actin inhibitor Latrunculin B in a
96 well format. Cells (103 cells/well in YPD media) were incubated
in the presence of decreasing concentrations of Latruculin B
(100 lM to 0 lM) for 48 h (duplicate wells, n = 4). The minimum
inhibitory concentration was noted for each strain. To test for syn-
ergistic effects between Latrunculin B and EHT1864, antifungal
drug testing was performed according to CLSI standards with the
modiﬁcation of using YNB media for optimal C. neoformans growth
conditions (Jessup, 1998). Growth inhibition of 104 cells/well C.
neoformans was recorded after treatment with the actin inhibitor
Latrunculin B, the Rac2 inhibitor EHT1864, and the combination
of both drugs in a checkerboard MIC test (Odds, 2003). Growth
inhibition by Latrunculin B was tested for the concentrations of
1.56–100 lM, and EHT1865 was tested for the concentrations of
0.97–500 lM. The fractional inhibitory concentration index (FICI)
was used to calculate the synergistic relationship between the
drugs, with synergy as deﬁned by a FICI < 0.5 (Odds, 2003). MIC
tests were performed in duplicate, and strains were incubated in
the presence or absence of drug for 48 h at 30 C.
2.8. Cell fusion assay
Cell fusion was performed as previously described (Alspaugh
et al., 2000). Brieﬂy, strains of opposite mating types with comple-
mentary markers (neomycin, hygromycin, or nourseothricin resis-
tance) were co-incubated on MS medium. Equal numbers of cells
(105/ml) were combined in sdH20, and 100 ll were spotted onto
MS plates. The reactions were incubated at room temperature in
the dark for 48 h, after which the agar was excised and each patch
was resuspended in 3 ml sdH20 and vortexed vigorously for 2 min.
100 ll from each suspension were plated onto double selection
medium and incubated at 30 C for 48–72 h to select for dikaryotic
cells, at which point the plates were photographed.
2.9. Animal experiments
Using the murine inhalation model of systemic cryptococcosis,
female A/Jcr mice were inoculated intra-nasally with 5  105 C.
neoformans cells, as previously described (Cox et al., 2000). Brieﬂy,
groups of 10 mice were inoculated with one of ﬁve strains: H99
(RAC2 wild type), ERB027 (rac2D), or ERB035 (rac2D + RAC2 recon-
stituted). Mice were observed daily for signs of infection. Animals
were sacriﬁced at predetermined clinical endpoints correlating
with an imminent lethal infection. The statistical signiﬁcance in
the difference between the survival curves of the animals inocu-
lated with each strain was evaluated using the log-rank test
(JMP software; SAS Institute, Cary, NC). All studies were performed
in compliance with institutional guidelines for animal
experimentation.3. Results
3.1. Whole genome analysis of paralogs
In searching for possible sources of redundancy among Rho-
GTPases in C. neoformans var. grubii (H99), we ﬁrst performed a
whole genome analysis of paralogous proteins. Paralogs were
broadly deﬁned as those proteins with more than 70% similarity
as assessed by blastP analysis, acknowledging that changing cutoff
values will signiﬁcantly effect the detection of paralogs. In S. cere-
visiae, paralogous proteins resulting from the whole genome
duplication ranged in similarity between 24% and 100%, althoughthe average similarity was 63% (Wolfe and Shields, 1997). How-
ever, we opted to use the more stringent cut off of 70%, which
was sufﬁcient to separate paired proteins (e.g., Rac proteins,
Cdc42 proteins, Rho proteins) from protein families (e.g., all Rho-
like GTPases). Additionally, we included in our ﬁnal analysis only
those open reading frames expressed during yeast-phase growth,
as documented by RNAseq experiments performed in our labora-
tory (O’Meara et al., 2010). Therefore, hyphal and spore speciﬁc
proteins are also excluded from this analysis.
Paralogous proteins identiﬁed in this analysis can be seen in
Fig. 1 as a network model based on degree of similarity. A number
of classes of proteins can be visualized using the network model,
including two large paralog groups (Network 1 and Network 2)
and several smaller networks composed of 3–14 proteins
(Fig. 1A). Duplicated protein pairs, including the Cdc42 and Ras
pairs, are listed in Table 1. The paralogous gene sets represent sev-
eral classes, without a particular pattern of involvement in any one
cellular process. However, a large number of the identiﬁed para-
logs were conserved, hypothetical, or predicted proteins with no
available annotation within the Cryptococcus or other fungal
lineages.
The two large networks were composed entirely of hypothetical
proteins with no known function and only limited protein domain
prediction, identifying them as ‘‘black box’’ networks. However,
these networks could be further broken down into distinct gene
families connected by ‘‘hub’’ sequences. For example, in Network
1, complex sequence similarities between 4 larger families can be
traced to 4 central protein sequences (indicated by CNAG number)
(Figs. 1B and S1). Those sub-networks can be further organized
based on relatedness within the family. Overall, this network is
composed of primarily sub-telomeric proteins with limited simi-
larity to known, annotated sequences. All 14 chromosomes are
represented, each at least twice, with the exception of chromo-
some 8 (CNAG_07729 in sub-network IV), which is related to the
network only by an intergenic protein with no conserved domains
and no homology to any other known sequences. However, limited
structure is exhibited by each of the four sub-networks. For exam-
ple, six of the eight proteins in Sub-network IV share an LTXXQ do-
main with similarity to bacterial proteins, and one element of this
network, CNAG_06954, additionally maintains a DEAD-box do-
main, also with similarity to bacterial proteins. This entire sub-net-
work, and the hub connecting it to the larger network, share
homology with DNA helicase proteins such as RecQ, although the
similarity is limited to regions outside of known functional do-
mains. The other three sub-networks exhibit similar trends in pro-
tein sequence, with similarity to telomere-associated proteins,
DNA binding proteins, and bacterial proteins, and one element of
sub-network III, CNAG_00814, has been identiﬁed as a transpo-
son-containing gene (UniProt: AFG24184.1). Overall, this network
appears to describe the repetitive structure of C. neoformans sub-
telomeric regions, rather than a particular functional protein
family.
Closer examination of the tightly connected network of para-
logs in Network 2 (Fig. 1C) revealed several trends. First, the major-
ity of these genes reside in subtelomeric regions (11 of 17) and
show homology only to other hypothetical Cryptococcus speciﬁc
proteins (CSPs) (16 of 17). Second, the network could be further di-
vided into those genes with more than 70% similarity to
CNAG_07868 (12 of 16). Blast analysis of CNAG_07868 identiﬁed
low (52%) similarity with the catalytic region of a protein from
the ﬂavobacterium Gillisea limnaea that is involved in trehalose
and maltose metabolism (UniProt: EHQ01206). An alignment of
the corresponding protein sequences revealed that this catalytic
domain is conserved in the CNAG_07868-like group but is absent
in the remaining four paralogs, suggesting ﬁrst that this domain
helped drive the divergence of these two sub-networks, and
Fig. 1. Analysis of paralogous proteins in the C. neoformans var. grubii genome. (A) Paralogous proteins with greater than 70% similarity whose corresponding gene expression
was observed during yeast phase growth by RNAseq were visualized using the Cytoscape network building software. Paralogous proteins are represented by nodes, with the
shape of the node indicating the classiﬁcation of the paralog as an annotated, conserved, or predicted ORF, and the color indicating the chromosome position. The width of the
edge indicates the percent similarity of the paralogs, ranging from 70% to 100%. Rac and Cdc42 paralogs are indicated by red stars (*). Two large paralog groups (B and C)
identiﬁed in this manner were further examined for structure based on similarity to hub sequences that dictate relatedness within the group. Network 1 (B) showed little
overall relatedness to conserved, annotated proteins, but could be further broken down into four sub-networks (I–IV) that related to each other through hub sequences,
identiﬁed here in black by CNAG numbers corresponding to the Broad H99 genome database. A transposon-containing gene in subnetwork IV is indicated by a black star (*).
(C) Could be further broken down into proteins with 70% similarity to CNAG_07868. (D) This similarity was correlated with the conservation of the catalytic domain of a
protein from the ﬂavobacterium Gillisea limnaea that is involved in trehalose and maltose metabolism (EHQ01206).
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the larger of the two paralog subfamilies. We have therefore iden-
tiﬁed this sub-network as ‘‘Carbohydrate Metabolism Paralogs’’.
This analysis demonstrates the power of a network approach to
paralog identiﬁcation by facilitating the classiﬁcation of related,
conserved hypothetical proteins based on limited sequence simi-
larity to other known protein sequences.
3.2. Identiﬁcation of the Rac2 paralog
Using this network analysis, we identiﬁed a hypothetical
protein (encoded by CNAG_005998) with 86% similarity and 74%identity to the Rho-GTPase Rac1. The C-terminus of this putative
Rac paralog was non-cannonical, lacking a CAAX domain that is
highly conserved among Rho-GTPases. Instead, the C-terminus
had no homology to other known protein domains. Examination
of the genomic sequence revealed an apparent alternative splice
acceptor site for the terminal intron. Use of this alternate acceptor
site for excision of the intron resulted in a frame shift that pro-
duced an alternate product with the canonical CAAX membrane
localization sequence. In order to validate one acceptor site over
the other, we mined RNAseq data from the H99 transcriptome
(O’Meara et al., 2010). In this database, we detected only a single
product, which corresponded to the production of the protein with
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that CNAG_05998 encoded a paralog of Rac1 and termed this open
reading frame RAC2.
CnRAC2 encodes a protein that is 87% similar and 71% identical
to CnRac1. It is located on chromosome 12 and includes 6 exons
and 5 introns. Both Rac1 and Rac2 sequences have been submitted
to NCBI. The nucleotide sequence data reported are available in the
Third Party Annotation Section of the DDBJ/EMBL/GenBank dat-
abases under the accession numbers TPA: BK008522 (RAC1) and
TPA: BK008523 (RAC2).
An alignment of CnRac1, CnRac2, and CnCdc42 can be seen in
Fig. 2a. Regions highly conserved among GTPases are identical in
both Rac paralogs and Cdc42. All three maintain identical versions
of the consensus elements GXXXXGK and DXXG, involved in inter-
action with GTP phosphates (GDGAVGK at CnRac2 residues 12–19,
and DTAG at CnRac2 residues 59–62) (Valencia et al., 1991), and
the sequence TVFDNY (CnRac2 37–42), involved in GAP interac-
tions (Chen et al., 1993). Rac homologs are distinguished from
Cdc42 homologs by tryptophan at position 59, present in both
CnRac paralogs (Gao et al., 2001). Rac1 and Rac2, but not Cdc42,
are identical in the switch I and II regions, which have been dem-
onstrated to facilitate interaction with GEFs, GAPs, and GDIs.
Among the GTPases, Rac proteins have a higher intrinsic rate of
GDP release, and this has been linked to the sequence 116TKLD119,
which is conserved in both C. neoformans Rac paralogs (Ménard
et al., 1992). Finally, both Rac paralogs and Cdc42 maintain the
consensus sequence CAAX (where A = aliphatic and X = any resi-
due) at their C-termini. The terminal cysteine is a substrate for pre-
nylation (Ménard et al., 1992), and this post-translational
modiﬁcation, coupled with the polybasic C-termini of these pro-
teins, suggests that they are localized to the plasma membrane.3.3. Rac2 paralogs are present in both C. neoformans var. grubii and
var. neoformans genomes
A search of closely related basidiomycete genomes revealed the
presence of Rac1 and Rac2 paralogs in each of the members of the
Cryptococcus species complex. Additionally, a search of the recently
assembled draft genome of the closely related basidiomycete T.
mesenterica identiﬁed two independent Rac-like proteins that like-
wise maintained all of the relevant Rac-deﬁning residues, as well a
single Cdc42 homolog, as previously reported (Ballou et al., 2010).
A single Rac homolog was identiﬁed in the genomes of the basidi-
omycetes U. maydis, S. commune, and C. cinerea, as well as in the
genomes of the pathogenic ascomycetes A. nidulans, E. festucae,
C. trifolii, Y. lipolytica, and P. marneffei (Boyce et al., 2003; Chen
and Dickman, 2004; Hurtado et al., 2000; Mahlert et al., 2006;
Tanaka et al., 2008; Vallim et al., 2005; Virag et al., 2007; Weinzierl
et al., 2002), suggesting that the Rac duplication may have
occurred after the branching of the Tremella lineage (Fig. 2B).3.4. Individual Rac paralogs are not essential and are dispensable for
thermotolerance and virulence
In order to examine the contribution of each of the Rac paralogs
to morphogenesis, deletion constructs were generated in which the
entire open reading frame of either RAC1 or RAC2was replaced with
a selectable marker. Single deletion of either the RAC1 or the RAC2
ORF using these constructs could be achieved with approximately
2% efﬁciency in either the H99 MATa or the KN99 MATa back-
ground. All strains were conﬁrmed to be deletion mutants by PCR
and Southern hybridization. These individual mutants exhibited
no defects in growth at 30 or 37 C (Fig. 3A), suggesting that the
Rac paralogs individually are not required for Ras-mediated ther-
motolerance. However, similar to the over-expression of Rac1, theover-expression of Rac2 was sufﬁcient to restore high-temperature
growth to the ras1D mutant.
We previously reported that the rac1D mutant is dispensable
for virulence. Similarly, the loss of RAC2 had no impact on virulence
in a murine model of infection. All mice infected with RAC2 or
rac2D cells succumbed to the infection within 15–19 days of inoc-
ulation, with no statistical differences between infection groups.
3.5. Rac paralogs are synthetically essential
Rac transcripts are similarly expressed and are not induced in
the opposite mutant (data not shown). In order to examine the
interaction of the two Rac paralogs, we attempted to generate a
rac1D rac2D double mutant. Although single deletion of either
the RAC2 or the RAC1 ORF could be readily achieved in either the
H99 MATa or the KN99 MATa background, no rac1D rac2D double
mutants were identiﬁed after screening approximately 600 trans-
formants. Therefore, we attempted to generate rac2D rac1D mu-
tants via mating and spore dissection. Although rac1D mutant
strains demonstrate delays in mating (Vallim et al., 2005), crosses
between MATa rac1::NAT and MAT a rac2::NEO strains eventually
produced viable spores. Among 36 viable spores, no rac1 rac2 dou-
ble mutant strain were isolated, despite identifying other recombi-
nant strains (MATa rac1D RAC2, MATa RAC1 rac2D, and RAC1 RAC2)
in the expected proportions. Finally, we generated a rac2D cdc42D
cdc420D triple mutant. Both the cdc42D cd420D mutant and the
rac2D cdc42D cdc420D mutant fail to grow at 37 C, although the
defect is slightly less severe in the cdc42D cdc420D mutant. The
two mutants exhibit similar phenotypes at 30 C and have similar
morphological defects, suggesting that Cdc42 paralogs do not com-
pensate for the loss of Rac2 (Fig. 3A and B) (Ballou et al., 2010). To-
gether, these data suggest that the Rac paralogs together play an
essential role in C. neoformans yeast-phase growth, and one for
which the related Cdc42 proteins cannot compensate.
3.6. Rac paralogs contribute to cell size at 30 C and 37 C
The loss of RAS1 results in cells that have increased size at 30 C
and 37 C, and this phenotype in both S. cerevisiae and
C. neoformans has been connected to a defect in the polarization of
actin following exposure to temperature stress ( Ho and Bretscher,
2001; Nichols et al., 2007). Previously, Rac1 was identiﬁed as a sup-
pressor of the ras1D mutant thermotolerance defect; however no
role for Rac1 in yeast-phase morphogenesis was reported (Vallim
et al., 2005). We therefore examined rac1D and rac2D cells for
ras1D-like defects in cell size and the polarization of actin.
We determined the average cell size of wild type, ras1D, rac1D,
and rac2D cells in log phase growth at 30 C and 37 C. The size of
more than 500 cells was measured for each strain using ImageJ
software, and pairwise comparisons were made using the Mann–
Whitney U test (Fig. 4). Because the synchronization of C. neofor-
mans cultures requires exposure to O2 limiting conditions, and this
condition has been reported to impact cell cycle, we chose instead
to compare overall populations (Ohkusu et al., 2001, 2004; Takeo
et al., 1995). Instead, mutant and wild type cells were tightly
paired for medium batch, growth time, temperature, and cell
density.
Upon exposure to 37 C, wild type cells increase in size, consis-
tent with the temporary depolarization of actin (Fig. 4A) (Nichols
et al., 2007). As has been previously reported, the size of ras1D cells
increases at both 30 C and 37 C relative to wild-type cells, and
this difference was highly signiﬁcant (Fig. 4B) (Alspaugh et al.,
2000). Similarly, both rac1D and rac2D cells increased in size com-
pared to wild type cells (Fig. 4C and D). Despite this increase in
overall cell size, no defects in bud development, morphology, or
cytokinesis were observed.
AB
Fig. 2. Alignment of Rac1, Rac2, and Cdc42 protein sequences. (A) The Rac2 protein sequence using the corrected splice site is provided in alignment with CnRac1 and
CnCdc42. Key domains discussed in the text are indicated. (B) A consensus NJ tree based on DNA sequences for the duplicate Rac paralogs in each of the Cryptococcus species
complex members and Tremella mesenterica as well as single Rac paralogs identiﬁed in other fungal lineages. Bootstrap values represent 10,000 iterations.
Fig. 3. Rac paralogs are dispensable for thermotolerance. (A) Indicated strains were spotted in 5-fold serial dilutions onto solid YPD medium and incubated at 30 or 37 as
indicated for 48 h. (B) Double cdc42D cdc420D mutants and triple rac2D cdc42D cdc420D mutants incubated at 30 C exhibit similar morphological defects in polarized
growth and cytokinesis.
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no defects in the localization of actin in the rac1D or rac2D mu-
tants compared to wild type as assessed by rhodamine-conjugatedphalloidin staining (Fig. 5A). In both mutants and at both 30 C and
37 C, F-actin was appropriately polarized to the emerging bud in a
manner that was not signiﬁcantly different from wild type. This
A B
Fig. 4. Loss of Rac paralogs impacts cell size. (A) Cells lacking Ras1 or the Rac paralogs were grown in liquid YPD medium for 4 h at 30 or 37 C. (B) The area of more than 300
cells was measured for each mutant strain at 30 C (thin line) and 37 C (thick line). The resulting cell size distributions were compared to paired cultures of wild type cells
incubated at 30 C (dotted line) and 37 C (dashed line) and analyzed using the Mann–Whitney U Test for non-parametric distributions (p < 0.0001).
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in the ras1D and cdc42Dmutant strains (Nichols et al., 2007). How-
ever, we did observe increased sensitivity in the rac2D mutant to
the drug Latrunculin B, which disrupts actin ﬁlaments and seques-
ters actin monomers, thereby inhibiting the re-polymerization of
actin ﬁlaments following exposure to stress (Ballou et al., 2010;
Gibbon et al., 1999; Staiger et al., 2009) (Fig. 5B). While the MICfor wild type and rac1D cells was 12.5 lM Latrunculin B, rac2D
cells were inhibited at 6.25 lM, similar to the cdc42D cdc420D
double mutant. The increased sensitivity of the rac2D mutant
strain was restored by re-introduction of RAC2 under its native pro-
moter. Additionally, the loss of RAC2 had an additive effect on the
sensitivity of the cdc42D cdc420D mutant: cells lacking both RAC2
and the CDC42 paralogs were inhibited at 3.125 lM Latruculin B.
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tive role in actin polymerization. This observation is consistent
with a role for Rac2 but not Rac1 in the re-polarization of actin
in response to stress and may explain the larger size of the rac2D
compared to the rac1D yeast phase cells. Additionally, the Rac par-
alogs by themselves are insufﬁcient to compensate for the loss of
Cdc42-paralog mediated actin polymerization/polarization.3.7. A Rac inhibitor is synergistic with the inhibition of actin
These data suggest that Rac paralogs play a minor role in actin
polarization, but may also play an actin-independent role in yeast-
phase growth. Because we were unable to generate a rac1D rac2D
double mutant, we took a chemical approach to characterizing the
role of Rac paralogs in yeast-phase growth. EHT1864 is a speciﬁc
inhibitor of Rac, but not Cdc42 activity, that is currently under
investigation for the treatment of human cancers (Katz et al.,
2012; Shutes et al., 2007; Takeo et al., 1995). When C. neoformans
cells were exposed to high levels of EHT1864 (>500 lM), we ob-
served only limited inhibition of growth (data not shown), suggest-
ing that either C. neoformans Rac paralogs are insensitive to the
drug or that Cdc42 activity might compensate for the loss of Rac
activity in this context. We have previously demonstrated that
Cdc42 paralogs are required for the re-polarization of actin in re-
sponse to stress (Fig. 5 and (Ballou et al., 2010)). However, the lack
of actin localization defects and the relative insensitivity of the
rac1D and rac2D mutants to Latrunculin B suggest that Rac para-
logs play only a limited role, if any, in the re-polarization of actin
in response to stress. We therefore hypothesized that Rac and
Cdc42 paralogs might act in parallel pathways to modulate polar-
ized growth and actin-dependent stress resistance.
In order to assess for synergistic effects between actin inhibi-
tion (Latrunculin B) and Rac inhibition (EHT1864), a checkerboard
MIC assay was performed (Jessup, 1998; Odds, 2003). The minimal
inhibitory concentration (MIC) for Latrunculin B alone against wild
type C. neoformans was 100 lM, and the MIC for EHT1864 alone
under the same conditions was 250 lM.When the drugs were used
in combination, we observed synergistic inhibition of wild type cell
growth at otherwise sub-inhibitory concentrations. C. neoformans
growth was inhibited with the combination of 6.25 lM Latrunculin
B + 31.25 lM EHT1864, giving a fractional inhibitory concentration
(FIC) of <0.19, showing a strong synergistic effect. These data sug-
gest that Rac paralogs are involved in both actin-dependent and ac-
tin-independent mechanisms in C. neoformans growth.3.8. Rac paralogs are not required for cell cycle control
In C. neoformans, conditions that delay polarized growth, such
as temperature stress, result in the accumulation of G2 stage cells
that are larger than G1 cells (Nichols et al., 2007; Takeo et al.,
2003). Similarly, in a number of yeast species, stable diploids are
larger than haploid cells (Hickman et al., 2013; Mortimer, 1958).
It was previously demonstrated that Rac1 plays a role in nuclear
migration during hyphal development (Vallim et al., 2005), raising
the possibility that Rac paralogs may be involved in nuclear
dynamics during yeast phase growth. Given these observations,
one possible explanation for the increased cell size of the rac1D
and rac2D mutants is that they accumulate in G2, even in the ab-
sence of external stress. We therefore performed FACS analysis of
the two mutant populations following growth at 30 C. However,
we observed no difference in the proportion of G1 vs. G2 cells for
either the rac1D or rac2D mutants compared to wild type haploid
cells, nor did we observe the emergence of an apparent diploid
population (data not shown).3.9. Rac proteins localize to the plasma membrane during yeast phase
growth
In order to observe the localization of the Rac paralogs in C. neo-
formans, we introduced GFP-Rac1 and GFP-Rac2 fusion constructs
in wild type H99 background. Both GFP-Rac1 and GFP-Rac2 were
localized to plasma membranes and endo-membranes at 30 C,
consistent with their predicted localization based on the presence
of C-terminal CAAX boxes (Fig. 6A and B top left panels). After 4 h
incubation at 37 C, the localization of GFP-Rac1 and GFP-Rac2 to
the plasma membrane decreased, with both proteins becoming
more concentrated on endo-membranous structures and in the
cytoplasm (Fig. 6A and B top right panels). This decrease was quan-
tiﬁed by calculating the total cell ﬂuorescence and determining the
percentage localized to the plasma membrane in each condition. In
each case, the decrease was determined to be slight but statisti-
cally signiﬁcant (p < 0.0001).
This temperature dependent localization of the GFP-Rac con-
structs coupled with the ability of Rac paralogs to suppress Ras1
defects in thermotolerance suggested that Ras1 might be involved
in the temperature-dependent aspects of Rac paralog activity. We
therefore assessed the localization of GFP-Rac1 and GFP-Rac2 in
the ras1D background. Importantly, we speciﬁcally chose strains
in which construct expression was documented by the appearance
of GFP ﬂuorescence and the restoration of hyphal growth to the
ras1D mutant (data not shown), but in which the pHis-GFP-Rac1
and pHis-GFP-Rac2 constructs were not sufﬁciently overexpressed
to suppress ras1D temperature sensitivity. In this way, the con-
structs could be used as markers of Rac1 and Rac2 localization
independent of confounding gain-of-function effects resulting
from the over-expression of these putative targets of Ras1.
At 30 C, the localization of GFP-Rac1 in the ras1D background
was altered compared to GFP-Rac1 localization in RAS1 cells.
Although the construct remained on cellular membranes, the per-
centage of ﬂuorescence on the plasma membrane was decreased
(36% compared to 43% in WT cells). Instead, a signiﬁcant portion
of the GFP-Rac1 appeared to be located on numerous intracellular
vesicles (Fig. 6A lower left panel). GFP-Rac1 in the ras1D mutant
was further disrupted after 4 h growth at 37 C. Under temperature
stress, only 21% of the GFP-Rac1 ﬂuorescence remained on the
plasma membrane (p < 0.0001). The remaining GFP-Rac1 showed
punctate localization throughout the cytoplasm (Fig. 6A lower
right panel).
In the absence of Ras1, GFP-Rac2 remained primarily localized
to the plasma membrane and endomembranes at 30 C (Fig. 6B,
lower left panel). This localization was visually similar to GFP-
Rac2 in RAS1 cells. In contrast, the GFP-Rac2 localization in the
ras1Dmutant was drastically altered at 37 C. At this elevated tem-
perature, GFP-Rac2 localization was more punctate, and the con-
struct appeared to accumulate in the ER (Fig. 6B, lower right
panel). Quantiﬁcation of this change in localization revealed that
there was a 23% decrease in the percent of plasmamembrane to to-
tal ﬂuorescence, and this difference was highly signiﬁcant
(p < 0.0001).
Together these data demonstrate that Rac1 and Rac2 are local-
ized to cellular membranes, consistent with prenylation of their C-
terminal CAAX box motifs, and suggest that their localization is
dependent on both temperature and Ras1 activity. This raises the
possibility that the large size of the ras1D mutants at 37 C may
be the result of the aberrant localization of both Rac paralogs.
3.10. Rac paralogs play overlapping and separate roles in polarized
growth during hyphal development
Together, our investigation of Rac paralog function in yeast
phase cells suggests a role for Rac paralogs in polarized growth.
AB
Fig. 5. Rac paralogs play only a minor role in actin polarization. (A) Wild type, rac1D, and rac2D cells were grown in liquid YPD medium for 4 h at 30 or 37 C and then stained
for actin (Rhodamine-conjugated Phalloidin) and DNA (DAPI). Actin was observed polarized to bud tips in a majority of wild type and mutant cells (scale bar = 5 lm). (B) Wild
type and the indicated mutant cells were grown in the presence of varying concentrations of the actin inhibitor Latrunculin B for 48 h at 30 C. Bars indicate minimum
inhibitory concentration (duplicate wells, n = 4).
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ment during mating, fusion, MFa induction, and polarized growth.
3.10.1. Rac paralogs are required for hyphal development during
mating
We have previously reported defects in hyphal development
during bilateral rac1Da  rac1Da mating in C. neoformans var.
neoformans (Vallim et al., 2005). Similarly, C. neoformans var. grubii
Rac1 plays a signiﬁcant role in hyphal development during mating.
In unilateral rac1Da  RAC1a and RAC1a  rac1Da mating reac-
tions, we observed a delay in hyphal development relative to wild
type (Fig. 7A). Additionally, close examination of rac1Da  rac1Da
mating reactions often revealed hyphae that were altered in theirappearance compared to wild type hyphae (Fig. 7B). In some cases,
we observed clamp cells that were truncated and had failed to fuse,
similar to C. n. var. neoformans rac1D mating hyphae (Vallim et al.,
2005). Additionally, MATa rac1D MATa rac1D bilateral mating
hyphae sometimes wandered, in contrast to the straight hyphae
typical of wild type reactions (Fig. 5B). This morphological abnor-
mality was reminiscent of hyphae with defects in polarity mainte-
nance, although we did not observe tip-splitting or increased
branching phenotypes such as those exhibited by C. neoformans
ste20D or pak1D mutants or racD mutants in other species (Ara-
ujo-Palomares et al., 2011; Nichols et al., 2004; Rolke and Tudzyn-
ski, 2008; Tanaka et al., 2008). Despite these defects, we were able
to detect the presence of fused clamp cells and bi-nucleate hyphal
compartments, indicative of a/amating, and spores dissected from
AB
Fig. 6. Rac paralog localization is dependent on temperature and Ras1. (A and B) The localization of GFP-Rac1 and GFP-Rac2 was observed by confocal microscopy in wild
type cells that had been incubated in liquid YPD medium for 4 h at 30 or 37 C. The level of ﬂuorescence in the plasma membrane was measured relative to overall
ﬂuorescence using ImageJ software. (p < 0.001).
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(11a:22a).
C. neoformans var. grubii Rac2 also plays a key role in mating:
strains lacking RAC2 exhibit a delay in hyphal development
(Fig. 7A). In unilateral crosses with wild type cells, rac2Da cells,
but not rac2Da cells, exhibit a slight delay in mating, and fewer,
shorter hyphae are observed at day 5 than in a wild type control
cross. Consistent with this unilateral delay, rac2Da  rac2Da cells
in a bilateral cross exhibit a delay in the development of hyphae,
with few foci forming after 5 days (Fig. 7A). Despite the apparent
delay in hyphal development, rac2Da  rac2Da mating reactions
eventually (6 weeks) produce hyphae that extend into the medium
to a similar degree to wild type reactions, and we observed fused
clamp cells and bi-nucleate hyphae indicative of a/a mating
(Fig. 7C). However, rac2Da  rac2Da hyphae were broader than
wild type hyphae, and produced a high proportion of haustoria,
specialized hyphal mating structures of unknown signiﬁcance.
These defects did not appear to have an effect on the production
of viable spores (25 of 30 dissected spores germinated).
3.10.2. Rac paralogs are required for fusion
We hypothesized that the delay in the development of hyphae
observed in the unilateral and bilateral crosses using the rac1Dand rac2D strains could be due to defects in initial fusion events.
We therefore performed fusion assays to assess the rates of fusion
in the unilateral and bilateral crosses (Fig. 7D). This assay was per-
formed by quantifying the formation of dikaryotic cells encoding
two dominant selection markers that were individually present
in the mutant mating partners (Nichols et al., 2004). In contrast
to wild type mating reactions in which abundant double-resistant
dikaryotic cells were evident after 24 h, no fusion was detected
after 24 or 48 h in unilateral MATa rac1D MATa RAC1, MATa
RAC1 MATa rac1D, MATa RAC2 MATa rac2D or bilateral MATa
rac2D MATa rac2D crosses. Consistent with the more robust ﬁla-
ment production observed in MATa rac2D MATa RAC2 unilateral
crosses after 5 days, this mutant cross demonstrated only a limited
defect in fusion after 48 h. This result was replicated using two
independently generated MATa rac2D strains (data not shown).
This observation suggests that the Rac paralogs may play differen-
tial roles in aspects of mating independent of polarization.
3.10.3. Rac paralogs are dispensable for the induction of mating
pheromone
Several proteins in the Ras1 signal transduction cascade have
been demonstrated to impact fusion during mating in different
ways. For example, Ras1, but not the Rac/Cdc42 effector Pak1,
AB
C
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Fig. 7. Rac paralogs contribute to hyphal development during mating. (A) Equal numbers of cells for the indicated strains were mixed and incubated on MS mating medium
for 5 days in the dark at room temperature. Filaments were imaged in situ (scale bar = 100 lm). H99a and KN99a are wild-type mating partner tester strains. (B and C)
Hyphae from mating reactions between the indicated strains were excised from MS mating plates and slide squashes were prepared as described. White arrows indicate (B)
abnormal clamp cells and (C) haustoria arising from clamp cells (scale bar = 10 lm for all images). (D) Fusion between the indicated strains was detected as described.
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sponse to a mating partner. We therefore examined the role of the
Rac paralogs in the induction of a pheromone in C. neoformans var.
grubii by RT-PCR. The expression of a-pheromone by MATa cells
persists at a basal level in the absence of a mating partner, and
expression is induced by the presence of MATa cells. We measured
the expression ofMFa1 by wild type and Rac paralog mutant MATa
cells after 12 h of exposure to wild type and Rac paralog mutant
MATa cells by RT-PCR relative to an internal control (GPD). We ob-
served no signiﬁcant reduction in the induction of MFa1 by either
the rac1D or the rac2D cells in any of the unilateral crosses (<2-
fold). However, MFa1 induction was reduced in the rac1-
Da  rac1Da bilateral cross (5.9-fold decrease compared to wild
type induction). In contrast, MFa1 induction was not signiﬁcantly
reduced in the rac2Da  rac2Da bilateral cross (1.1-fold decrease
compared to wild type induction), suggesting that Rac1 may play
a more signiﬁcant role than Rac2 in the early events of mating.
Together, these data demonstrate that both Rac1 and Rac2 are
required for hyphal development during mating, independent of
the induction ofMFa1, and suggest that Rac paralogs play a speciﬁc
role in polarized growth and the cellular events related to fusion,
rather than in the induction of a pheromone response cascade.3.11. Rac paralogs are involved in the localization of ROS within
hyphae
To explore the mechanisms by which Ras proteins direct polar-
ized growth of C. neoformans cells, we examined localized ROS con-
centrations in mating hyphae (Fig. 8). Rac GTPases have been
shown to play a role in the regulation of reactive oxygen species
(ROS), which has in turn been shown to be important for the reg-
ulation of hyphal development in a number of fungi. The presence
of ROS was visualized by 20,70-dichlorodihydroﬂuorescein diacetate
(DCHF-DA) ﬂuorescence. DCFH-DA is a lipophilic, cell permeable
molecule that is oxidized to DCF upon exposure to ROS. The degree
and localization of the ﬂuorescence is related to the concentration
and distribution of the ROS (Bass et al., 1983). In wild type crosses,
incubation of mating hyphae with DCFH-DA revealed a distinct
staining pattern. The signal was localized to clamp cells and to
the growing tip of the hypha (Fig. 8A). This is consistent with
observations in other fungi, in which ROS localizes to sites of polar-
ized growth, including branch points and the hyphal tip (Chen and
Dickman, 2004; Tanaka et al., 2008).
The loss of either Rac paralog impacted ROS localization,
with Rac1 playing a more signiﬁcant role (Fig. 8B and C). In
Fig. 8. Rac paralogs contribute to the localization of ROS during hyphal growth.
Hyphae from wild type (A), rac1D bilateral (B) and rac2D bilateral (C) crosses that
had been incubated in the dark for 1 week were excised from MS mating plates and
co-incubated with 9 lM DCHF-DA for 10 min to detect ROS localization and
intensity. Slide squashes were prepared as described (scale bar = 10 lm for all
images).
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along the length of the hypha and only minimally concentrated at
septa. In rac2Da  rac2Da hyphae, in contrast, DCF ﬂuorescence
remained concentrated around septa but was more diffuse than
in wild type hyphae and was inappropriately punctate. These data
suggest that Rac1 and Rac2 play roles in the regulation of ROS,
either through the localization of Nox proteins, as has been re-
ported for Cdc42 in A. nidulans, or through the regulation of Nox
activity, as has been reported in E. festucae and Claviceps purpurea
(Rolke and Tudzynski, 2008; Semighini and Harris, 2008; Tanaka
et al., 2008).4. Discussion
Here we have taken a whole genome approach to the identiﬁca-
tion of duplicated genes in the genome of the human fungal path-
ogen C. neoformans var. grubii. Using this approach, we identiﬁed
two large networks of paralogous gene families that likely speak
to the structure of C. n. var. grubii sub-telomeric regions, as well
as a number of smaller networks and pairs likely to have functional
signiﬁcance. We validated this approach to paralog identiﬁcation
by undertaking the characterization of the cryptic Rac paralog
Rac2 and here describe its contributions to polarized growth dur-
ing both yeast and hyphal phase C. neoformans morphogenesis.For human pathogens, adaptation to the environment of the
host can have important consequences for virulence and pathoge-
nicity. Recently, a number of mechanisms by which this adaptation
can be achieved have been described. Plasticity at the genome level
has been observed for Candida albicans, in which the emergence of
isochromosome 5 facilitates resistance to ﬂuconazole (Selmecki
et al., 2009). In C. neoformans, multiple disomic chromosomes tem-
porarily emerge in response to ﬂuconazole exposure in patients,
suggesting that the plasticity of the C. neoformans genome may
provide similar ﬂexibility in response to stress environments (Sio-
nov et al., 2010). At the genetic level, duplicated genes have long
been proposed to support niche adaptation, and recent work in S.
enterica demonstrated this experimentally: the duplication of sin-
gle genes with multiple functions resulted in gene ampliﬁcation,
functional divergence, and selective advantage over time (Näsvall
et al., 2012).
Sub-telomeric regions have been shown to be enriched in genes
that facilitate adaptation to environmental niches (Adams et al.,
1992; Christiaens et al., 2012; de Bruin et al., 1994; Linardopoulou
et al., 2001), and although little is known about the structure of C.
neoformans sub-telomeres speciﬁcally, these regions have been
identiﬁed as sites of rapid gene evolution (Morrow et al., 2012).
Using a whole genome approach to the analysis of paralogs in C.
neoformans, we identiﬁed of a sub-telomeric family of carbohy-
drate metabolism genes with conserved catalytic domains related
to trehalose and maltose metabolism, possibly indicating another
example of this potential for niche adaptation. Future work will
examine the role of metabolic paralogs in niche adaptation.
4.1. The identiﬁcation of Rac paralogs
In addition to these larger networks, we here report the identi-
ﬁcation of the cryptic Rac paralog Rac2. Homologs of the Rac
GTPase were ﬁrst identiﬁed in human myeloid cells, and early
work in mammalian systems suggested roles for Rac in the gener-
ation of reactive oxygen species (ROS), the organization of actin ﬁl-
aments, and secretion (Abo et al., 1991; Didsbury et al., 1989; Price
et al., 1995; Ridley et al., 1992). Recently, it was demonstrated that
Rac is the originating Rho-GTPase, with Cdc42 emerging much la-
ter in the eukaryotic lineage (Boureux et al., 2007). As such, Rac
proteins play highly conserved roles in basic morphological pro-
cesses throughout eukaryotes. Because the model yeasts S. cerevi-
siae and S. pombe lack Rac homologs, efforts to examine their
role in fungal morphogenesis have been focused on the ﬁlamen-
tous and dimorphic fungi. The mammalian roles for Rac proteins
have been upheld in these fungi, suggesting that these emerging
model systems may aid efforts to understand Rac function. CnRac1
was ﬁrst identiﬁed as a suppressor of ras1D defects in thermotol-
erance and a modulator of hyphal development (Vallim et al.,
2005). More recently, CnRac1 was demonstrated to play a role in
secretion (Shen et al., 2011). However, CnRac1’s roles in the gener-
ation of ROS and the organization of actin remained unclear. Addi-
tionally, there had been no description of its role in yeast-phase
morphogenesis.
The data presented here suggest that Rac paralogs regulate
polarity during both yeast-like and hyphal growth in C. neoformans.
Mating cell fusion defects, aberrant hyphal morphology, and in-
creased yeast cell size in the rac1D and rac2D single mutants, cou-
pled with the apparent synthetic lethality of the rac1D rac2D
double mutant, are consistent with a role for the Rac paralogs in
polarized growth and are consistent with the roles reported for
Rac homologs in other fungi. For example, in Neurospora crassa,
Rac1 was identiﬁed in a screen for genes required for fusion, and
both Cnrac1D and Cnrac2D mutants exhibit defects in fusion of
mating partners (Fu et al., 2011). Similarly, the loss of Rac in a
number of ﬁlamentous fungi negatively impacts hyphal
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2008; Tanaka et al., 2008).
Based on the overlap in phenotypes between the rac1D and
rac2D mutants, we hypothesize that the Rac paralogs are largely
redundant. However, subtle phenotypic differences between the
single mutants may indicate that a more dominant role is played
by Rac1 during mating and hyphal growth and by Rac2 during
yeast-phase growth. These differences may provide insight into
the signaling cascades utilized in the two morphological forms.
For example, morphogenesis may be mediated by Rac-dependent
MAP kinase cascades, as likely occurs in C. trifoli and C. albicans
(Chen and Dickman, 2004; Hope et al., 2010), or through the acti-
vation and regulation of ROS, either directly or via Ste20, as occurs
in E. festucae and C. purpurea (Rolke and Tudzynski; Tanaka et al.,
2008). Rac proteins have additionally been shown to regulate the
fungal polarisome, independent of any role in the organization of
the cytoskeleton. In U. maydis, the polarized localization of Spa2,
a polarisome component, depends on Rac1 but is independent of
actin and microtubule function (Carbó and Pérez-Martín, 2008).
Elements of the C. neoformans polarisome have not yet been
identiﬁed.4.2. Possible downstream targets: PAKs and Wsp1
There are several candidates for the immediate downstream
effectors of Rac function. The conserved PAK Pak1, the Cla4-like
PAK Ste20, and the WASP homolog Wsp1 have been demonstrated
by yeast two hybrid to interact with Rac1 from C. neoformans var.
neoformans (Shen et al.; Vallim et al., 2005; Wang et al., 2002).
However, the loss of either Ste20 or Wsp1 does not entirely pheno-
copy the loss of either Rac paralog, either because the two paralogs
are redundant or as a result of overlap with Cdc42 paralog func-
tions. During mating, both ste20D and wsp1D mutants exhibit
reductions in fusion that are not as severe as those exhibited by
rac1D or rac2D mutants, suggesting that the Rac paralogs may
have multiple targets during fusion (Nichols et al., 2004). Likewise,
ste20D hyphae exhibit a distinctive ‘‘tip-splitting’’ morphology that
is more severe than the morphological defects exhibited by rac1D
or rac2D bilateral mutant crosses and is indicative of defects in
polarity maintenance (Nichols et al., 2004). This difference in the
severity of hyphal defects may suggest that Ste20 is a shared target
of both Rac paralogs during hyphal growth but not during fusion.
Additionally, both wsp1D and ste20D cells are temperature sensi-
tive, unlike the rac1D or rac2D mutants but more similar to the
cdc42D mutant, suggesting an underlying speciﬁcity in Rho-
GTPase signal transduction (Ballou et al., 2010; Shen et al., 2011;
Wang et al., 2002).
A negative regulatory relationship between UmRac1 and the
PAK UmCla4 was recently demonstrated in the basidiomycete U.
maydis. During mating in U. maydis, activated Rac1 is regulated
via a PAK-dependent negative feedback loop that triggers the deg-
radation of Cdc24, the Rac1 GEF (Frieser et al., 2011). A similar rela-
tionship may exist in C. neoformans:While ras1D and racDmutants
are deﬁcient in polarized growth, ste20D yeast-phase cells become
hyper-polarized at 39 C, (Wang et al., 2002). The importance of
this regulation is highlighted by the observation that the expres-
sion of inducible dominant active UmRac1 is lethal (Mahlert
et al.). Similarly, dominant active Rac2 appears to be lethal in C.
neoformans (Ballou, unpublished data).
In contrast to the limited evidence of functional overlap be-
tween C. neoformans Rac and Ste20 proteins, Rac and Pak1 exhibit
signiﬁcant functional overlap. Like Rac1 and Rac2, CnPak1 is not
primarily involved in thermotolerance, since the pak1D mutant
grows well at 37 C (Wang et al., 2002). Additionally, CnPak1 has
been previously demonstrated to control the mating fusion eventin a manner independent of the induction of MFa pheromone, sim-
ilar to Rac1 and Rac2 (Nichols et al., 2004).
Despite these similarities in mutant phenotypes, there are sub-
tle complexities in the interaction of the related Rac and Cdc42
GTPases and the downstream Pak1 and Ste20 kinases. Although
pak1D mutants are most phenotypically similar to the rac1D and
rac2D mutants, and ste20D mutants are most similar to cdc42D
mutants, yeast two hybrid studies have demonstrated potential
interactions between Pak1 and Cdc420, as well as between Rac1
and Ste20 (Vallim et al., 2005; Wang et al., 2002). Additionally,
the hyphal defects of pak1Da  pak1Da bilateral crosses, including
failed spore production and defects in clamp-cell fusion, are more
typical of cdc42D mutant mating defects than those observed in
racD mutants crosses (Ballou et al., 2010; Nichols et al., 2004). It
is possible that there is some degree of co-activation of down-
stream effectors by the related Rac and Cdc42 proteins. Addition-
ally, the presence of the second Rac/Cdc42 paralog may activate
PAK kinases, in a native or non-native way, in the individual mu-
tant strains. Future work will examine the speciﬁc roles of the
Rac and Cdc42 paralogs in the activation of these conserved down-
stream effectors.
4.3. Possible Rac targets: Nox proteins
The data presented here suggest that Rac paralogs regulate
polarity via the localization of Reactive Oxygen Species (ROS).
Although ROS have been previously thought to be toxic
by-products of mitochondrial function, a number of recent works
have highlighted their role as secondary signaling molecules in
fungal and mammalian systems ( Chen and Dickman,2004;
Hamanaka et al., 2013; Li et al., 2011; Semighini and Harris,
2008). Importantly, the mammalian Rac GTPase was ﬁrst identiﬁed
an essential component of the NADPH oxidase complex, a multi-
component enzyme responsible for the generation of the oxidative
burst (Abo et al., 1991; Lambeth, 2004; ). In this complex, Rac
interacts with p67phox to facilitate electron transfer via the cata-
lytic subunit cytochrome b (p22phox plus gp91phox) from NADPH
to FAD, eventually resulting in the production of ROS (Diebold
and Bokoch, 2001). Similarly, in ﬁlamentous fungi Rac interacts
with Nox (gp91phox) and NoxR (p67phox), and a growing body of
work suggests that this interaction plays important roles in devel-
opment, differentiation, and morphogenesis. Work in Aspergillus
fumigatus and A. nidulans has demonstrated the speciﬁc impor-
tance of the generation of ROS to polarized growth and has re-
vealed roles for both Rac and Cdc42 in Nox activation (Li et al.,
2011; Semighini and Harris, 2008). For example, in A. fumigatus,
DracA hyphal cells with the characteristic swelling of mutants with
polarity defects exhibit decreased ROS production at hyphal tips
and accumulate ROS at sites of branching (Li et al., 2011).
Treatment of wild type A. fumigatus cells with an NADPH oxidase
inhibitor phenocopies the polarity defects of the DracA mutant,
suggesting that that ROS is required for, rather than a by-product
of, RacA-mediated polarized growth.
Moreover, the interaction appears to be highly conserved. In E.
festucae, the loss of RacA phenocopies the loss of the NADPH oxi-
dase NoxA, and RacA physically interacts with NoxR to modulate
polarized growth and mutualism with perennial ryegrass (Takem-
oto et al., 2006; Tanaka et al., 2008). In C. purpurea, Rac and its tar-
get Cla4 are required for the maintenance of a polarity axis and for
pathogenesis. Additionally, CpRac and CpCla4 play a key role in the
transcriptional regulation of the NADPH oxidase Nox1, which is
likewise required for pathogenesis (Giesbert et al., 2008; Rolke
and Tudzynski, 2008). Similar regulatory roles for Rac in polarity
and the generation of ROS have also been described in C. trifoli (
Chen and Dickman; Li et al., 2011; Semighini and Harris, 2008).
To date, no elements of the Nox complex have been identiﬁed in
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regulate ROS localization remain unclear. Future work will exam-
ine the interaction of the Rac paralogs with elements of the CnNox
complex.
4.4. Ras-dependent Rac localization
Finally, we report here that Rac paralog localization is depen-
dent on Ras1. The localization of both Rac1 and Rac2 to the plasma
membrane is consistent with Rac localization in other yeast-like
fungi and with their predicted prenylation sequences (Hope
et al., 2010; Wright and Philips, 2006). In addition, the interaction
of Ras- and Rho- class GTPases has been previously demonstrated
to facilitate function: In S. cerevisiae, the Ras-family GTPase Rsr1
and the Rho-GTPase Cdc42 physically interact and this interaction
is required for proper bud site selection (Kang et al., 2010; Kozmin-
ski et al., 2003; Park et al., 2002; Zheng et al., 1995). The Ras-
dependence of Rac localization may partially explain the ras1D
mutant phenotypes, including the increase in cell size at 30 C
and the loss of polarized growth at 37 C; in the absence of Ras1
activity, the function of both Rac paralogs may be simultaneously
impaired. The functional consequences of aberrant Rac localization
have been demonstrated in C. albicans. The dynamics of Rac1 local-
ization to the plasma membrane of C. albicans are dependent on
the Rac1 GEF Dck1 and the Rac1 target Lmo1, an ELMO-type adap-
tor protein required for activation of MAP kinase cascades regulat-
ing ﬁlamentation and cell wall integrity (Hope et al., 2010). In the
absence of any element of this module, C. albicans is unable to
make the transition to ﬁlamentous growth so crucial to its patho-
genicity (Bassilana and Arkowitz, 2006; Hope et al., 2008, 2010). It
remains unclear whether an analogous module exists in C. neofor-
mans, as further effort will be required to determine the identities
of any Rac paralog-speciﬁc GEFs or their speciﬁc effectors. How-
ever, Ras1 will likely play a key role in such regulation.
4.5. Signiﬁcance and larger context
For human pathogens, adaptation to the environment of the
host can have important consequences for virulence and pathoge-
nicity, and the existence of duplicated genes has been shown to
facilitate this adaptation in C. neoformans (Ballou et al., 2010; Oka-
gaki et al., 2011). It was recently demonstrated that C. neoformans
is able to modulate the behavior of human brain microvascular epi-
thelial cells (HBMECs) via phospholipase B1- mediated re-arrange-
ment of the host actin cytoskeleton, which in turn is regulated by
human Rac1 (Chang et al., 2004; Maruvada et al., 2012). This mod-
ulation facilitates the uptake of C. neoformans cells and transport
across the blood/brain barrier in mice. Treatment of infected mice
with an inhibitor of Rac activity decreased passage of C. neoformans
across the blood brain barrier. Although no role for CnRac1 was ob-
served in this process, the data we present here, including the
identiﬁcation of a second Rac paralog, Rac2, and the synergistic ef-
fect of Rac and actin inhibitors on C. neoformans growth, further
underscores both the importance of gene duplications in fungal
pathogenesis and the potential of Rac inhibitors for anti-fungal
therapy.
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